Rhodococcus chlorophenolicus PCP-I, a degrader of polychlorinated phenols, guaiacols (2-methoxyphenols), and syringols (2,6-dimethoxyphenols), was shown to 0-methylate the degradation intermediate, a chlorinated para-hydroquinone, into 4-methoxyphenol. 0-methylation was constitutively expressed, whereas the degradation of chlorophenols and chlorohydroquinones was inducible in R. chlorophenolicus. The 0-methylating reaction required two hydroxyl groups in positions para to each other. R. chlorophenolicus selectively methylated the hydroxyl group flanked by two chlorine substituents. Tetrachlorohydroquinone, trichlorohydroquinone, and 2,6-dichlorohydroquinone were methylated into tetrachloro-4-methoxyphenol, 2,3,5-trichloro-4-methoxyphenol, and 3,5-dichloro-4-methoxyphenol, respectively. Chlorohydroquinones with only one chlorine adjacent to a hydroxyl group were methylated only in trace amounts, and no metabolite was formed from hydroquinone. The degradation intermediates formed in hydroxylation of tetrachloroguaiacol and trichlorosyringol by R. chlorophenolicus were 0-methylated into two isomeric trichlorodimethoxyphenols and two isomeric dichlorotrimethoxyphenols, respectively. R. chlorophenolicus also degraded the polychlorinated methylation products (tetrachlorinated and trichlorinated 4-methoxyphenols), but not mono-and dichlorinated 4-methoxyphenols.
Various biotransformation reactions in which the carbon skeleton of the substrate remains unaltered are often misinterpreted as biodegradation. Several species of bacteria and fungi 0-methylate chlorophenols into chloroanisoles (2, 10, 12, 18, 32) and chloroguaiacols into veratroles (1, 18, 20) . 0-methylation of halogenated phenols was also demonstrated in cell extracts of both gram-positive and gramnegative bacteria (21, 31) . The chloroanisoles and chloroveratroles produced by 0-methylation were often resistant to further microbial attack (1, 2, 18) . Under anaerobic conditions, 0-demethylation of chlorinated veratroles and guaiacols by bacteria into the corresponding catechols was shown to occur (19, 25) . Chlorinated anisoles have intense musty odors and have been identified as the cause of off-flavors in foods (8, 22, 35, 36) and beverages (9) . The chlorinated anisoles probably originated from microbial 0-methylation of the corresponding chlorophenols used as biocides. Trichloroanisole, causing cork taint in wine, presumably originated from chlorine bleaching used in the processing of cork (9) . Chlorinated anisoles and veratroles have also been found in fish exposed to pulp-bleaching effluents (22) .
We have shown that the degradation of polychlorinated phenols, guaiacols, and syringols by Rhodococcus chlorophenolicus PCP-I proceeds via hydrolytic hydroxylation and dechlorination into a chlorinated para-hydroquinone (5-7, 13, 14) . Tetrachlorohydroquinone, formed from both pentachlorophenol and 2,3,5,6-tetrachlorophenol, is further degraded through hydrolytic and reductive dechlorinations, leading to 1,2,4-trihydroxybenzene, which is ultimately mineralized by the bacterium (7) . Other bacteria, both grampositive and gram-negative, have been shown to degrade pentachlorophenol via tetrachlorohydroquinone (24, 29, 30, 32) . Pentachlorophenol is metabolized into tetrachlorohydroquinone in mammals also (15) . Chlorinated para-hydro-quinones thus have a central role in the degradation of pentachlorophenol and other polychlorinated phenols.
In this report we describe 0-methylation of chlorohydroquinones into 4-methoxyphenols by R. chlorophenolicus PCP-I. We characterized the requirements and substrate specificity of 0-methylation. This transformation was found to be an alternative to degradation of chlorohydroquinones.
MATERIALS AND METHODS
Abbreviations. TeCH, tetrachlorohydroquinone (2,3,5,6-tetrachloro-1,4-dihydroxybenzene); TCH, trichlorohydroquinone; 23-DCH, 25-DCH, and 26-DCH, 2,3-, 2,5-, and 2,6-dichlorohydroquinone, respectively; MCH, monochlorohydroquinone; HQ, hydroquinone; TeCMP, tetrachloro-4-methoxyphenol; 235-TCMP and 236-TCMP, 2,3,5-and 2,3,6-trichloro-4-methoxyphenol, respectively; 23-DCMP, 25-DCMP, 26-DCMP, and 35-DCMP, 2,3-, 2 ,5-, 2,6-, and 3,5-dichloro-4-methoxyphenol, respectively; 2-MCMP and 3-MCMP, 2-and 3-chloro-4-methoxyphenol, respectively; MP, 4-methoxyphenol; TeCDMB, tetrachloro-1,4-dimethoxybenzene; TCDMB, trichloro-1,4-dimethoxybenzene; 23-DCDMB, 25-DCDMB, and 26-DCDMB, 2,3-, 2,5-, and 2,6-dichloro-1,4-dimethoxybenzene, respectively; MCDMB, monochloro-1,4-dimethoxybenzene; DMB, 1,4-dimethoxybenzene; TeCG, tetrachloroguaiacol (3,4,5,6-tetrachloro-2-methoxyphenol); TCS, trichlorosyringol (3,4,5-trichloro-2,6-dimethoxyphenol); TeCC, tetrachlorocatechol (3,4,5,6-tetrachloro-1,2-dihydroxybenzene); TeCR, tetrachloroesorcinol (2,4,5,6-tetrachloro-1,3-dihydroxybenzene); PCP, pentachlorophenol; GLC, gas-liquid chromatography; MS, mass spectrometry.
Substrates and reference compounds. TeCR was prepared by chlorination of 1,3-dihydroxybenzene (26) . The purity (>99% by GLC with flame ionization detection) and the structures of the model compounds were verified by infrared spectroscopy, nuclear magnetic resonance spectroscopy, and MS. 1,4-Dimethoxybenzenes were prepared from the corresponding hydroquinones by methylation with diazomethane (28).
Experilnental. R. chlorophenolicus PCP-I (DSM 43826) (3), isolated from a chlorophenol enrichment culture (4, 27, 33) , was used in all experiments. Cells were grown in rhamnose (1 g/liter)-mineral salts medium as described earlier (5) or in a complex medium (DSM-65: glucose, 4.0 g; yeast extract, 4.0 g; malt extract, 4.0 g; H20, 1,000 ml; pH 7.2). Chlorohydroquinone, TeCC, or TeCR was added to 3-day-old cultures to a concentration of 10 ,uM. These substrates were always introduced into cultures with ascorbic acid (0.1% [wt/vol] in culture), which slowed down abiotic oxidation. In aqueous solution, chlorohydroquinones autooxidate rapidly into benzoquinones, but with 0.1% ascorbic acid, over 80% of the hydroquinones were revovered after 100 h. MCH and HQ were more sensitive to chemical oxidation than the higher chlorinated hydroquinones (7). In some experiments chloramphenicol (60 ,ug/ml) was added to prevent synthesis of chlorohydroquinonedechlorinating enzymes of R. chlorophenolicus (7) . For studies of degradation of TeCG and TCS and 0-methylation of degradation intermediates, the cells were grown in complex medium (DSM-65) and induced by adding 10 p.M PCP twice at 20-h intervals (14) . For the degradation of 4-methoxyphenols, R. chlorophenolicus was grown in rhamnose-mineral salts medium and induced with PCP. The cell density in all experiments was 1 x 108 to 10 x 108 per ml.
Cultures were incubated in a gyratory shaker at 28°C in the dark.
Analysis. Chlorinated hydroquinones and phenols (sample volume, 1 to 10 ml) were acetylated for GLC analysis in buffer solution as described (13) and extracted into heptane. For analysis of TeCR, the sample was ethylated with diazoethane as described for diazomethane (28) . The derivatized substrates, metabolites, and reference compounds were analyzed by GLC, with a Carlo Erba Fractovap 2300 gas chromatograph equipped with a CP Sil 5 (Chrompack, Middelburg, The Netherlands) capillary column and an electron capture 63Ni detector, or by GLC-MS, with a Hewlett-Packard HP 5880 gas chromatograph equipped with an HP 5970 A mass selective detector and either an HP-1 (Hewlett-Packard Co., Palo Alto, Calif.) or an Ultra 2 (Hewlett-Packard Co.) capillary column. The repeatability of the analysis of chlorinated hydroquinones and 4-methoxyphenols was ± 10%. The retention times of the authentic compounds are listed in Table 1 . Substrates and metabolites were quantified by selective ion monitoring for the ions indicated in Table 1 . The metabolites from TCS for which no authentic compound was available were quantified by using the response factor of TCS after correction for the distribution of the ion cluster caused by the chlorine isotopes. Degradation of chlorinated 4-methoxyphenols. Table 3 shows the degradation of the nine different chlorinated 4-methoxyphenols by PCP-induced cells of R. chlorophenolicus. TeCMP, 235-TCMP, and 236-TCMP at 10 ,uM were completely removed from the medium in 24 h. The di-and monochlorinated 4-methoxyphenols were not significantly removed. In sterile medium, more than 70% of the chlorinated 4-methoxyphenols was recovered after 24 h of incubation. The mono-and dichlorinated 4-methoxyphenols are volatile, which may explain their slight disappearance. R. chlorophenolicus thus specifically degraded polychlorinated 4-methoxyphenols. TeCMP and 235-TCMP formed from TeCH and TCH, respectively, were not degraded by R. chlorophenolicus after 75 h in the presence of chloramphenicol (Fig. 2) . The degradation of the polychlorinated 4-methoxyphenols thus required enzyme induction.
DISCUSSION
This paper adds to previous data (5-7, 13, 14) that R. chlorophenolicus PCP-I not only degrades polychlorinated phenols, guaiacols, and syringols via para-hydroxylation, but is also able to 0-methylate the degradation intermediate, the chlorinated para-hydroquinone, into a 4-methoxyphenol. Methylation was constitutively expressed in R. chlorophenolicus, whereas the degradation of chlorophenols, chloroguaiacols, chlorosyringols, and chlorohydroquinones was inducible (5, 6, 14) . R. chlorophenolicus required for 0-methylation two hydroxyl groups in positions para to each other, even though only one of them became methylated. In this respect, R. chlorophenolicus differs from a Mycobacterium sp. which converted PCP into pentachloroanisole and partly also to TeCH and TeCC, which were then 0-methyl- (10, 12) , but it has been shown to 0-methylate polychlorinated phenoxy phenols with a hydroxyl group in the para position (34) . The methylation of phenoxy phenols was most pronounced when the hydroxyl group had two adjacent chlorine substituents (34) . We have also observed 0-demethylation of 3,5-and 3,6-dichloroguaiacol into the corresponding catechols by R. chlorophenolicus and remethylation of 3,5-dichlorocatechol into 4,6-dichloroguaiacol (13 The 0-methylated metabolites produced from the tetraand trichlorohydroquinones, TeCG, and TCS by R. chlorophenolicus were ultimately degraded (Table 3 , Fig. 4 and 5) . Mono-and dichloro-4-methoxyphenols were not degraded.
Since R. chlorophenolicus degrades polychlorinated phenolic compounds by para-hydroxylation (6, 14) , TeCMP, 235-TCMP, and 236-TCMP could analogously be degraded via para-hydroxylation into chlorohydroquinones. Chlorinated para-hydroquinones autooxidate rapidly into benzoquinones with the formation of oxygen radicals and are inhibitors of respiration (23) . Chlorinated 4-methoxyphenols are more stable than chlorohydroquinones. 0-methylation in R. chlorophenolicus might thus function as a way of temporarily removing toxic amounts of chlorohydroquinones.
